Plants utilize a large number of immune receptors to recognize pathogens and activate defense responses. A small number of these receptors belong to the receptor-like protein family.
Introduction
Plants have evolved two types of immune receptors to recognize different spectra of pathogen molecules and initiate downstream defense responses. Pathogen-associated molecular pattern (PAMP) receptors recognize conserved microbial molecules collectively known as PAMPs (Boller and Felix, 2009) . Most of the known PAMP receptors, such as FLS2, EFR and CERK1, belong to the receptor-like kinase (RLK) family (Gomez-Gomez and Boller, 2000; Zipfel et al., 2006; Miya et al., 2007; Wan et al., 2008) . The RLK BAK1 functions as a co-receptor of FLS2
and EFR in the perception of bacterial flagellin and translation elongation factor EF-Tu (Chinchilla et al., 2007; Heese et al., 2007; Schulze et al., 2010; Roux et al., 2011) . In Rice, CERK1 functions together with the lysin-motif (LysM) domain protein CEBiP to recognize the fungal cell wall component chitin (Shimizu et al., 2010) . Together with two other LysM domain proteins LYM1 and LYM3, Arabidopsis CERK1 is also involved in the perception of bacterial peptidoglycan (Willmann et al., 2011) . The other class of immune receptors are composed of plant Resistance (R) proteins, which have been evolved to detect pathogen-specific effector molecules secreted to suppress host defense and promote virulence. The majority of plant R genes encode nucleotide-binding site (NB)-leucine-rich-repeats (LRR) proteins (Rafiqi et al., 2009 ).
Receptor-like proteins (RLPs) containing extracellular Leucine-Rich Repeats (LRRs), a single transmembrane motif and a short cytoplasmic tail form one of the largest protein families in plants. A small number of RLPs such as the tomato Cf and Ve proteins and the apple HcrVf2 protein were shown to function as R proteins (Jones et al., 1994; Kawchuk et al., 2001; Belfanti et al., 2004; Fradin et al., 2009 ). Interestingly, Ve1-mediated resistance to Verticillium requires The bda1-1 snc2-1D npr1-1 triple mutant was identified from a suppressor screen of snc2-1D npr1-1 as previously described (Zhang et al., 2010) . The dwarf morphology of snc2-1D npr1-1 was completely suppressed in the triple mutant (Fig. 1A) . qPCR analysis of the expression of defense marker genes PR1 ( Figure 1B ) and PR2 ( Figure 1C) showed that the constitutive expression of both gene in snc2-1D npr1-1 is completely suppressed in the triple mutant. In addition, increased accumulation of SA and enhanced resistance to the virulent oomycete pathogen Hyaloperonospora arabidopsidis (H.a.) Noco2 and the bacterial pathogen Pseudomonas syringae pv. tomato (P.s.t.) DC3000 in snc2-1D npr1-1 are also suppressed in bda1-1 snc2-1D npr1-1 ( Figure 1D-1F ). Taken together, bda1-1 completely suppresses the mutant morphology as well as constitutive defence responses in snc2-1D npr1-1.
Positional cloning of BDA1
To map the bda1-1 mutation, bda1-1 snc2-1D npr1-1 (in the Col-0 background) was crossed with Landsberg erecta (Ler) to generate a segregating mapping population. Crude mapping using the F2 progeny showed that the bda1-1 mutation is located between marker K19E20 and MMN10 on chromosome 5. Further fine mapping narrowed the bda1-1 mutation to a region of approximately 80 kb between markers F24B18 and MRB17 ( Figure 2A ). Sequence analysis of genes in this region in bda1-1 identified a single C to T mutation in At5g54610, which results in an amino acid change from Pro74 to Leu. Sequence analysis using SMART (http://smart.emblheidelberg.de/) showed that At5g54610 encodes a new protein with five ankyrin repeats at the Nterminus and four transmembrane domains at its C-terminus (Fig. 2B ).
To determine whether there are additional bda mutants that also contain mutations in the gene, At5g54610 was amplified from other bda mutants by PCR and sequenced. Fifteen additional mutant alleles of At5g54610 were identified (Table 1 and Fig. 2C ), each containing a unique missense mutation. These results provide further evidence that BDA1 is At5g54610.
BDA1 is required for basal resistance against P.s.t. DC3000 9 in one of the transmembrane domains. As a result, we named this mutant bda1-17D. In bda1-17D, both PR1 and PR2 are constitutively expressed at high levels ( Fig. 5B and 5C ). Analysis of SA levels in bda1-17D showed that it accumulates high levels of SA (Fig. 5D ). When challenged with H.a. Noco2, bda1-17D displayed enhanced resistance to the pathogen (Fig. 5E ). These data suggest that defense responses are constitutively activated in bda1-17D.
To test whether the bda1-17D mutation causes the cell death and constitutive defense responses, a genomic clone containing the bda1-17 mutation was constructed and transformed into wild Figure 5G ), suggesting that the bda1-17D mutation is responsible for the constitutive defense responses in bda1-17D mutant plants.
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BDA1 functions upstream of NPR1 and WRKY70
In snc2-1D, two parallel defense pathways were activated, one dependent on SA and NPR1 and the other dependent on WRKY70 (Zhang et al., 2010) . To determine whether the constitutive defense responses in bda1-17D are dependent on NPR1 and WRKY70, we generated the bda1-17D npr1-1 and bda1-17D wrky70-1 double mutants and the bda1-17D npr1-1 wrky70-1 triple mutant. As shown in Fig. 6A , the dwarf morphology of bda1-17D is partially suppressed in the double mutants and completely suppressed in the triple mutant. qPCR analysis showed that the constitutive PR1 expression in bda1-17D is mainly dependent on NPR1, with very little contribution from WRKY70 (Fig. 6B) . In contrast, the expression of PR2 is reduced in both bda1-17D npr1-1 and bda1-17D wrky70-1 and completely blocked in bda1-17D npr1-1 wrky70-1 (Fig. 6C) , suggesting that both NPR1 and WRKY70 contribute to the up-regulation of PR2 in bda1-17D. Analysis of resistance to H.a. Noco2 showed that the enhanced resistance in bda1-1 0
Discussion
From a suppressor screen of snc2-1D npr1-1, we identified BDA1 as an essential component of SNC2-mediated defense responses. Mutations in BDA1 suppress the dwarf morphology as well as defense responses in snc2-1D npr1-1. Loss of BDA1 function also results in enhanced susceptibility to P.s.t. DC3000. In addition, a gain-of-function allele of BDA1 was found to constitutively activate cell death and defense responses. These data suggest that BDA1 is a critical regulator of plant immunity.
When bda1-1 and snc2-8 loss-of-function mutants were challenged with the non-pathogenic bacteria P.s.t. DC3000 hrcC, bacterial growth in the mutants was significantly higher than in wild type plants, suggesting that SNC2 and BDA1 play important roles in PAMP-triggered immunity. It is possible that SNC2 serves as a receptor or co-receptor of an unidentified bacterial PAMP signal and BDA1 functions downstream of SNC2 to activate PAMP-triggered defense responses. Compared to inoculation by infiltration, greater differences in bacterial growth were found between wild type and the mutant plants upon spray-inoculation with P.s.t. DC3000 or P.s.t. DC3000 hrcC. This indicates that SNC2 and BDA1 may also play critical roles in stomatal defense against bacterial pathogens.
BDA1 encodes a protein with ankyrin repeats and transmembrane domains. In Arabidopsis, there are 37 predicted ankyrin-repeat transmembrane proteins (Becerra et al., 2004) . Among these proteins, only ACD6 and ITN1 have previously been characterized. ACD6 was shown to function as a positive regulator of SA signaling in local defense responses (Lu et al., 2003) , whereas ITN1 is involved in salt-stress tolerance (Sakamoto et al., 2008) . How ACD6 and ITN1 are regulated is unknown. Our study suggests that BDA1 transduces signals perceived by the RLP SNC2 to activate downstream defense responses. It will be interesting to test whether ACD6 and ITN1 function as downstream components of other RLPs in Arabidopsis.
Ankyrin repeats are generally involved in protein-protein interactions (Sedgwick and Smerdon, 1999) . One of the best studied plant ankyrin-repeat proteins is NPR1 (Cao et al., 1997; Ryals et al., 1997) , which regulates SA-induced PR gene expression and pathogen resistance through its associations with TGA transcription factors (Zhang et al., 1999; Despres et al., 2000; Zhang et 1 1 al., 2003) . What the ankyrin-repeat domains of ACD6 and ITN1 interact with is unknown. We were not able to detect interactions between SNC2 and BDA1 by co-immunoprecipitation and bimolecular fluorescence complementation analysis. It is likely other proteins are also involved in transducing the signal from SNC2 to BDA1. BDA1 and ACD6 share very low sequence identity in their ankyrin-repeat domains. Most likely they regulate plant defense responses through interactions with distinct proteins. Identification of proteins interacting with BDA1 and ACD6 will lead to a better understanding of how they regulate plant defense responses.
In bda1-17D, a single amino acid change in the second transmembrane domain results in activation of cell death and defense responses. bda1-17D has very similar mutant phenotypes as acd6-1, which also exhibits spontaneous cell death, expresses high levels of PR-1 and displays enhanced pathogen resistance (Rate et al., 1999) . Interestingly, the gain-of-function mutation in acd6-1 also occurs in one of the transmembrane domains (Lu et al., 2003) . These data suggest that the transmembrane domains of BDA1 and ACD6 play very important roles in the negative regulation of these proteins. One possibility is that these transmembrane domains interact with their negative regulators and the mutations in bda1-17D and acd6-1 disrupt these interactions.
Our study identified BDA1 as a critical signaling component downstream of SNC2. A working model is proposed in Fig. 7 . When an unknown PAMP signal is perceived by SNC2, it activates the transmembrane ankyrin protein BDA1. Once it is activated, BDA1 probably recruits additional signaling components through its ankyrin-repeat domain to activate SA synthesis and WRKY70-dependent defense gene expression. It is unclear whether BDA1 also functions in regulating plant defense responses that are independent of SNC2. Future research on other BDA genes will provide us with more information on how SNC2 and BDA1 regulate plant defense responses.
Materials and Methods
Plant material
npr1-1, snc2-1D npr1-1, snc2-8 and wrky70-1 were described previously (Cao et al., 1994; Ulker et al., 2007; Zhang et al., 2010) . Loss-of-function alleles of bda1 were identified from an EMS- was identified from an EMS-mutagenized population in the Col-0 background by searching for mutants with increased resistance to H.a. Noco2 (Bi et al., 2010) .
To obtain transgenic plants expressing the bda1-17 mutant gene, a genomic DNA fragment containing the bda1-17 mutant gene was amplified from bda1-17 mutant plant DNA by PCR using primers 5'-cggggtaccgtcgacctccacaaaatgcatgtcaag-3' and 5'-cggaattcgagctctgtggggattcaatactatagc-3', and then cloned into pCAMBIA1305. The resulting plasmid was transformed into Agrobacterium and subsequently into wild type Col-0 plants by floral dipping (Clough and Bent, 1998) .
Mutant characterization
To determine the expression levels of PR1 and PR2, RNA was extracted from 0.1 g of leaf tissue using the RNAiso reagent (Takara). Reverse transcription was carried out using the M-MLV reverse transcriptase (Takara). Real-time PCR (qPCR) was performed on the cDNA samples using the SYBR Premix Ex Taq II kit (Takara). Primers for amplification of PR1, PR2 and Actin1 were described previously (Zhang et al., 2003) . SA was extracted from leaf tissues and measured by HPLC as previously described (Li et al., 1999) .
H.a.
Noco2 infection experiments were performed by spraying plant seedlings with spores of H.a. Noco2 at different concentrations. Plants were subsequently kept in a growth chamber with 95% humidity at 18 °C under 12 h light/12 h dark cycles. Infections were scored seven days later by counting the spores with a hemocytometer as previously described (Bi et al., 2010) . For P.s.t. DC3000 infections, plants were grown at 23 °C under 12 h light/12 h dark cycles. Leaves of fiveweek old plants were inoculated by infiltrating or spraying with a bacterial suspension. Bacterial growth was determined by plating the bacteria on Kings B plates.
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To map bda1-1, the bda1-1 snc2-1D npr1-1 triple mutant in the Col-0 background was crossed with wild type Ler. Plants homozygous for snc2-1D in the F2 population were identified by PCR and used for linkage analysis. For fine mapping of the bda1-1 mutation, recombinants between marker K19E20 and MMN10 were identified by PCR and the phenotypes of the recombinants were determined by analyzing the segregation of snc2-1D morphological phenotype in their progeny. For mapping bda1-17D, bda1-17D in the Col-0 background was crossed with wild-type Ler. Plants exhibiting bda1-17D-like morphology in the F2 population were used for linkage analysis. All markers used were designed according to the Monsanto Arabidopsis thaliana polymorphism and Ler sequence collection (Jander et al., 2002) . Marker primers used include K19E20, 5'-gacaagaaccacatgagagc-3' and 5'-gttatgtgtacacttcaggtc-3'; MMN10, 5'-agctgcaataatgccaaagg-3' and 5'-gaaccatcaccactggtgag-3'; and MBG8, 5'-gctaagaaagtagaaagccg-3' and 5'-atggtatctcaccaatgggg-3'. These markers were designed using Indel polymorphisms.
Markers F24B18 and MRB17 are based on a SNP polymorphism. The common, Col-specific and Ler-specific primers for F24B18 are 5'-ggaaggcagagattatagac-3', 5'-gagcaaagctttgatgtacca-3', and 5'-gagcaaagctttgatgtaccg-3', respectively. The common, Col-specific and Ler-specific primers for MRB17 are 5'-gagttcacaagagaagacgt-3', 5'-ctctcacaaatctgggcatg-3', and 5'-ctctcacaaatctgggcata-3', respectively.
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P l a n t C e l l 1 5 : -1 snc2-1D npr1-1 triple mutant. (A) Morphology of npr1-1, snc2-1D npr1-1 and bda1-1 snc2-1D npr1-1 . Plants were grown on soil and photographed approximately four weeks after planting.
(B-C) Expression of PR1 (B) and PR2 (C) in npr1-1,snc2-1D npr1-1 and bda1-1 snc2-1D npr1-1 as determined by qPCR. RNA was extracted from 12-day-old seedlings grown on ½ MS 
